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ABSTRACT
Improving the hydraulic performance of waste stabilization ponds (WSPs) is an important management strategy to not only ensure protection of public health and the environment, but also to maximize the potential reuse of valuable resources found in the treated effluent. To reuse effluent from WSPs, a better understanding of the factors that impact the hydraulic performance of the system is needed. One major factor determining the hydraulic performance of a WSP is sludge accumulation, which alters the volume of the pond.
In this study, computational fluid dynamics (CFD) analysis was applied to investigate the impact of sludge layer geometry on hydraulic performance of a facultative pond, typically used in many small communities throughout the developing world. Four waste stabilization pond cases with different sludge volumes and distributions were investigated.
Results indicate that sludge distribution and volume have a significant impact on wastewater treatment efficiency and capacity. Although treatment capacity is reduced with accumulation of sludge, the latter may induce a baffling effect which causes the flow to behave closer to that of plug flow reactor and thus increase treatment efficiency. In addition to sludge accumulation and distribution, the impact of water surface level is also investigated through two additional cases. Findings show that an increase in water level while keeping a constant flow rate can result in a significant decrease in the hydraulic performance by reducing the sludge baffling effect, suggesting a careful monitoring of sludge accumulation and water surface level in WSP systems.
CHAPTER 1: INTRODUCTION 1
Wastewater stabilization ponds (WSPs) are a widely used and economically viable wastewater treatment technology (Mara, 2004) order models, such as the completely mixed flow reactor (Ferrara & Harleman, 1981; Mayo, 1995) , ponds-in-series models (Canale et al., 1993) , and dispersion models (Polprasert & Bhattarai, 1985) . However these models are unable to capture flow structures, such as dead zones and short-circuiting, resulting in less than optimal accuracy in predicting residence time distribution and hydraulic performance. water and embedded nutrients, the pond effluent is allowed to enter an irrigation system.
Changes in the operation of the system may cause a water surface level increase in the pond, which can also affect the hydraulic performance (Mercado et al., 2013) . Physical understanding and quantification of the effect of water surface level on the hydraulics is needed.
Accordingly, the objective of this study is to investigate, for the first time, the impact of different sludge volume and accumulation patterns in conjunction with changes in water surface elevation on the advective transport and the hydraulic performance of a WSP. Normally, in a WSP, changes in water surface elevation are accompanied by changes in flow rate. However, in the present study, CFD simulations with various water surface elevations were performed with a fixed flow rate in order to isolate (highlight) the effect of the former on hydraulic performance.
A community managed wastewater stabilization pond in rural Bolivia was selected for this study, which is representative of a WSP utilized in a developing country. Flow and tracer transport simulations were conducted for this pond using a numerical solver of the threedimensional Reynolds-averaged Navier-Stokes equations (RANS). Sludge geometry as well as pond geometry and water flow parameters obtained in the field were used to model the pond.
The RANS solver was then used to predict the hydraulic performance of the WSP under future sludge accumulation scenarios. Numerical tracer studies on the pond with measured and potential future sludge layer geometries were conducted to analyze the impact of sludge geometry on the hydraulic performance of the WSP and to establish the importance of short and long term monitoring of WSPs.
Numerical tracer studies were also conducted with two different water surface elevations to determine the impact of the surface level change on hydraulic performance of the pond. It was found that sludge build-up in the interior of the pond away from walls towards the inflow, diverts the flow laterally essentially serving as a baffle and causing the flow to behave closer to a plug flow reactor in some of the cases studied, ultimately increasing hydraulic efficiency relative to the pond with no sludge. An increase in water surface elevation decreases the baffling effect of the sludge by allowing short-circuiting flow over the sludge.
The CFD analysis of the WSP in Bolivia offers a case study of the effects of sludge accumulation and water surface level change on pond hydraulic performance This is important because WSPs are non-ideal reactors; thus, the creation of short circuits and dead zones can have a large influence on pathogen removal (Verbyla & Mihelcic, 2015) , which is critical for performance, whether the pond is managed only for treatment or is integrated with a strategy of resource recovery and reuse.
Furthermore, WSP operators generally argue that sludge accumulation is damaging because it reduces available pond volume and thus treatment capacity, as well as hydraulic efficiency. Reduction in hydraulic efficiency would be expected given that a reduction in available pond volume can lead to a reduction of the theoretical residence time calculated as =volume/flow rate. The validity of this argument will be examined via the CFD analysis presented here, especially in light of the potential baffling effect induced by the sludge as described above. 
Modelling Approach
The CFD methodology employed is based on the RANS equations and is a common and The RANS turbulence model used in this study is the well-known k-ε (k-epsilon) model equipped with standard wall functions (Wilcox, 2004) . In order to analyze characteristic residence times, a passive tracer study was performed using the RANS flow solution. The turbulent Schmidt number denoting the ratio of turbulent viscosity of the flow to turbulent diffusivity of the tracer was set to 0.7, similar to other studies (Launder, 1978; Zhang et al., 2014a) . Figure 1A provides the dimensions of the WSP modeled. A fixed flow rate boundary condition was used for the inflow at the inlet (see Figure 1A ). That is, the volumetric flow rate at the inlet was fixed as 66 m 3 /day, which is an average flow rate measured in the field by Lizima 
Hydraulic Performance Evaluation Factors
In analyzing results from the tracer transport simulation, the theoretical residence time, Wahl et al., 2010) . Unlike the short circuiting index, the moment index is not greatly dependent on the parcel of tracer exiting the pond fastest. Rather, it is more representative of the overall shape of the RTD curve without being heavily affected by the RTD long tail, which can lead to over-prediction of the residence time (Wahl et al., 2010) . The moment index is defined as
where ( ) is the cumulative residence time distribution function.
where is the tracer concentration at time t and is the nominal tracer concentration defined as
The relative moment index is derived from the moment index while incorporating the decrease in water volume capacity as a result of sludge accumulation:
The moment index and the relative moment index are directly proportional to the pond hydraulic efficiency while the relative moment index also takes into account the reduction in pond volume and thus reduction in treatment capacity.
Sludge Geometry Approach Cases
In order to project sludge accumulation in the pond, an empirical method (Oakley, 2005) was utilized. This method predicts the annual volume of sludge ( in m 3 /year) as
where is the average flow rate in m 3 /day and is suspended solids in the influent in mg/L.
In the present study, the value of than the physically measured data (Lizima, 2012) . Thus this method is seen to lead to good predictions of future sludge accumulations.
Note that following the Mathus exponential model, the average annual flow rate increases in proportion to population over the years as was considered for the calculation of accumulated sludge volume , previously described. However, for all CFD simulations performed the flow rate was taken to be constant (66 3 / ) in order to isolate sludge and water surface elevation effects on hydraulic performance.
Four simulation cases, described in Table 1 , were developed to analyze sludge geometry effects. Case I corresponds to the WSP in 2006 when it was newly built and thus had no sludge.
Case II corresponds to the WSP in 2012 with sludge volume and distribution measured by Lizima (2012) . Using the sludge volume equation of Oakley (2005) (i.e. equation (6)) along with the Malthus population growth model as described earlier, the sludge volume for 2016 was estimated as 326 m 3 . Two different sludge layer geometries or distributions for the 2016 sludge volume (to be denoted as Cases III and IV) were considered following two assumptions: 1) the first assumption is that the increment of sludge volume from 2012 to 2016 will mostly accumulate on top of the existing sludge. The height of sludge in this scenario is assumed to increase uniformly by the same percentage everywhere (Case III); 2) the second assumption is that the incoming sludge deposits primarily in the flat area of the pond (Case IV). In this scenario, the peak sludge elevation is the same as in Case II and not as high as in Case III (see Figure 2 ). The assumed sludge accumulation geometries represent two extreme situations, where the actual sludge layer geometry should be an intermediate between these two distribution conditions. Finally note that the water surface elevation for the previously described cases (I-IV) was kept constant (see Table 1 ). 
Mesh and Numerical Tool
As measured by Lizima (2012) Figure 1 (panels A, B and C). Based on grid independence studies (described further below), the total number of tetrahedral cells for the computational model of the previously described pond geometry was taken to be approximately 0.8 million and is shown in Figure 1C . This computational grid was refined near the walls, sludge and inlet/outlet so as to adequately resolve sharp gradients in velocity expected in these regions. Similar grids were used to simulate the various scenarios with different sludge geometries and water elevations described (2014a,b)). These validation studies have shown that the present numerical model is able to predict RTDs in excellent agreement with laboratory and field measured data. In some of these cases the complex flow geometry has produced richer flow structures than in the WSP of the current study, leading to the conclusion that results for the present WSP are robust.
Impact of Sludge Layer Geometry on Hydraulic Performance
Next, results from flow and tracer transport simulations are presented for Cases I-IV described earlier through Table 1 and Figure 2 . At 0.69 m depth ( Figures 4E-H) , a high-speed jet can be observed originating from the inlet in all four scenarios, as expected. However, the sludge accumulation in Cases II, III and IV obstructs the path of the jet forcing it to flow laterally around the sludge and vertically over the sludge.
The lateral re-direction of the jet caused by the sludge can be considered analogous to the lateral re-direction of the flow caused by baffles in a baffled reactor. As will be quantified further below via numerical tracer studies, this baffling effect caused by the sludge for certain sludge accumulation patterns, such as that in Case III, can enhance the hydraulic efficiency of the pond relative to the no-sludge scenario (Case I). In Case III, the jet emanating from the inlet is primarily forced to change direction laterally around the sludge whereas the jet in Cases II and IV is primarily forced to change direction vertically over the sludge. The reason for this is that the sludge peak (or maximum height) in Case III reaches closer to the water surface than in the other cases extending over 90% of the total depth of the pond. This difference between the jet paths caused by the various sludge Figures 4B, 4D, 4F and 4H demonstrate that the jet path in Case IV is similar to that in Case II. Recall that the sludge layer in Case IV has the same peak elevation as that in Case II but an overall increased sludge volume (see Figure 2 ). As seen through Figures 4B and 4D , the difference in the surface flow between Cases II and IV is that in the former, the jet is more damped after passing over the sludge. This suggests that the short-circuiting in Case IV is stronger than that in Case II, as will be confirmed further below. The greater short-circuiting in
Case IV compared to Case II may be ultimately attributed to conservation of mass as both cases have the same flow rate with Case IV having the smaller water volume due to its greater amount of sludge. already reached the outlet, ahead of the tracer in Cases II and III. This is consistent with Figure 4 and the associated discussion earlier describing the greater short-circuiting at the surface in Case IV compared to Case II. Figure 6 Snapshots of normalized tracer transport on the x-y (horizontal) at different times (t = 0.5, 2.0, and 4.0 days). Panels A-L are at the depth 0.69m (inlet location) the sludge accumulation is color-coded gray; and M-X are at the water surface.
The residence time distributions (RTDs) predicted by the simulations for Cases I-IV are compared in Figure 7 . A primary peak can be found in all four curves. The time at which the primary peak occurs is mainly determined by the intensity of short-circuiting. For example, occurrence of the RTD primary peak at earlier times corresponds to more intense shortcircuiting. In Figure 7 , it can be seen that Case IV possesses the strongest short-circuiting (consistent with earlier analysis), the short-circuiting in Cases I and II is almost identical and Case III has the weakest short-circuiting. The short-circuiting indices ( ) for the four cases are calculated from Figure 7 and are listed in Table 2 . The short-circuiting index S is inversely proportional to the strength of shortcircuiting and thus proportional to hydraulic efficiency. As expected from previous analysis, S is smallest for Case IV with a value of 0.07. Furthermore, the value of S ascends going in the following order: Case IV (lowest), II, I, III (highest).
The Given that Cases III and IV have the same amount of sludge, it can be concluded that sludge shape (geometry) plays an important role in determining the hydraulic efficiency of the pond. Sludge deposited that reaches closer to the surface of the water creates a greater baffling effect that increases the residence time and thus the hydraulic efficiency of the pond (such as in Case III). In contrast, the same volume of sludge spread more uniformly throughout the bottom of the pond reduces hydraulic efficiency (such as in Case IV).
Although the sludge build up may seem beneficial in Case III, an increase in sludge reduces the water volume treatment capacity of the pond. This is reflected through the higher relative moment index for Case I (0.854) compared to Case III (0.606) in Table 2 . Thus, there is a trade-off between the gain in hydraulic efficiency and loss in water treatment capacity for Case III compared to Case I when no sludge is present. Overall, these findings have demonstrated that sludge distribution and volume have a significant impact on wastewater hydraulic efficiency. Although treatment capacity is reduced with accumulation of sludge, the latter may induce a baffling effect that can increase hydraulic efficiency. As shown by Murphy (2012) , sludge roughness has an impact on hydraulic performance via dispersion. The present study demonstrates how the bulk sludge accumulation can also have an impact via advection by re-directing the flow and potentially inducing a baffling effect.
Impact of Water Surface Level Change on Hydraulic Performance
Results from flow and tracer transport simulations are based on the two approaches discussed earlier for setting the surface water level (see Table 1 ). In the first approach the water surface level for 2016 simulations (in Cases III and IV) was set equal to the water surface level of Case II corresponding to the Lizima (2012) field measurements. In the second approach, the surface water levels for 2016 simulations (in Cases IIIA and IVA) were set to maintain the same water volume measured in the field by Lizima (2012) . Thus Cases III and IIIA have the same sludge distribution, but different water surface levels. The same applies for Cases IV and IVA.
For each of these cases, three snapshots of the tracer concentration at the surface of the pond t=0.5 day, t=2 days and t=4 days (after release of the tracer) are plotted in Figure 6M -X (lower four rows of panels).
Comparing Case III with Case IIIA or IV with IVA, major differences in flow patterns at the surface and ultimately in residence times are noted due to changes in water surface elevation.
For example, at time t=0.5 day for Case IIIA ( Figure 6P ) the tracer route is partially obstructed by the sludge. In this simulation, although the sludge still acts like a baffle as described earlier, the increase in water surface level (compared to Case III in Figure Short-circuiting indexes are listed in Table 3 . In Case IIIA, the short-circuiting index is less than in Case III (0.066 compared with 0.118), thus stronger short-circuiting occurs in the former simulation, as previously concluded. Analogous results are observed when comparing
Cases IV and IVA with the short-circuiting indexes of 0.07 for Case IV and 0.05 for Case IVA (higher water surface elevation). Overall, it is seen that an increase in water surface elevation can diminish the potential baffling effect induced by the sludge by opening up a path for the water to flow over the sludge.
This is consistent with results from the previous sub-section showing that sludge accumulation reaching closer to the surface leads to a greater baffling effect.
CHAPTER 4: CONCLUSIONS 4
Although numerous studies in the past have performed CFD analysis of WSPs, few have analyzed the effect of sludge accumulation. Studies exist on the effect of sludge surface roughness on the dispersion and hydraulic performance of WSPs (Murphy, 2012) . However, the impact of the sludge on the advective transport in the pond, that is on short-circuiting, had not been investigated until now. The present CFD study, based on physically measured and future predictions of sludge accumulation, demonstrates that an increase in sludge volume (depending on the sludge distribution or geometry) may improve the hydraulic performance of a WSP by inducing a baffling effect. For example, sludge accumulation reaching closer to the surface of the water was seen to be beneficial by preventing short-circuiting over the sludge and thus providing a greater baffling effect. This is an important benefit because many of these systems are not constructed with influent baffles. However, a tradeoff of this benefit is that sludge accumulation reduces the treatment capacity of the WSP. Furthermore, it was found that an increase in water surface elevation reduces the baffling effect of the sludge by allowing significant flow over the sludge thereby promoting short-circuiting, resulting in decrease in hydraulic efficiency.
These results demonstrate the importance of performance monitoring and the duration of such monitoring given the long-term dynamic impact of sludge accumulation coupled with water surface elevation on WSP hydraulic performance. Unfortunately rural water and sanitation systems in the developing world have proven easier to construct than to maintain (Schweitzer & Mihelcic, 2012) .
The important interplay between sludge accumulation and water surface level determining hydraulic performance, highlighted in this study, suggests that the creation of a future CFD model capable of dynamically calculating the water surface level given a sludge distribution/amount and flow rate would be of great benefit. Dispersion caused by sludge surface roughness had been previously found to also impact hydraulic performance (Murphy, 2012) ; because sludge roughness is not considered in the present study, further study should be conducted to investigate the combined effect and relationship between sludge accumulation and distribution, sludge roughness, and water surface level.
This study found that the distribution of sludge in a WSP is critical for determining its Finally, the results obtained here demonstrate the importance of baffling, thereby highlighting some of the benefits that could be gained by designing and building WSPs with physical baffles.
APPENDIX A: NUMERICAL VS EXPERIMENTAL TRACER STUDY
The CFD model under Case II was compared with tracer concentration time series from the field measurements of Lizima (2012). As seen in Figure A .1, the primary peak of tracer concentration measured in the physical test occurred at 1.5 days after the initial tracer release while in the CFD simulation it occurred at 2 days. The tail of the curve predicted by CFD is in excellent agreement with the field data from the 3 rd through the 12 th day, the end of the physical tracer study.
The primary peak of tracer concentration predicted by CFD is higher than the field data.
One possible reason of this discrepancy is that in the field experiment the primary highest peak tracer concentration actually occurred between the third and fourth sampling points ( Figure A.1) ;
if that were to be the case, then the actual peak of the tracer study would be located between 1.5 and 2 days in closer proximity to the CFD prediction. Note that the time lapse between the third and fourth sampling points in the physical experimental data in Figure A .1 is more than eight hours suggesting a higher sampling rate for future field measurements. An appropriate sampling rate is identified based on CFD prediction in Appendix B.
The readers can find the experimental tracer study data in the thesis by Lizima, 2012 at:
http://scholarcommons.usf.edu/cgi/viewcontent.cgi?article=5556&context=etd.
Numerical tracer study data for the different cases in this study can be found at:
www.eng.usf.edu/~aetejada/WSP. hours is suggested, at least for the first 3-4 days to adequately capture the earlier wave of tracer exiting at the outlet. This interval can be increased later after the first days since RTD curve tails are not rapidly changing.
